Adoption of conservation tillage can lead to substantial environmentrd benefits from reduced soil erosion. But benefits may be partially offset if adoption increases reliance on agricultural chemicals. Using area study data from the Cornbelt, this study examines factors affecting adoption of no-till and other conservation tillage systems and their effect on chemical use and com yield. The results find no evidence that herbicide or fertilizer application rates are higher on fields with conservation tillage systems compared with conventional tillage. However, insecticide use may increase somewhat and yield may be lower. Current demographic trends in U.S. agriculture favor continued diffusion of conservation tillage.
tural productivity and environmental quality (Crosson; Gebhardt et al.) . Less intensive tillage significantly reduces soil erosion and saves labor, fuel, and machinery costs. However, it may also lower crop yields and increase use of agrichemicals as farmers compensate for less tillage. Environmental gains from reduced soil erosion may be offset by increased reliance on chemical fertilizers and pesticides (Crosson; Heimlich and Ogg; Setia and Piper in no-till systems could be minimized by selecting chemicals with more favorable environmental characteristics. Setia and Piper used a simulation model to assess the consequences of alternative tillage and chemical systems in the Cornbelt. They also assumed that conservation tillage involves higher pesticide use, and determined that the expansion of com and soybean acreage under conservation tillage would increase the amount of pesticides leached to ground water. One of the few studies to assess the actual (versus simulated or assumed) relationship between tillage choice and pesticide application is Bull et al., which compared herbicide application rates among different tillage systems for corn and soybeans in the Midwest. Using a simple means test applied to three years of farm survey data, they found no consistent increase in herbicide use in conservation tillage systems. They surmised that weather, soil types, cropping patterns, operator experience, and inherent weed problems were more important factors than tillage in explaining the variation in herbicide use among farms. They did, however, find significant differences in the type of herbicides applied among tillage system. No-till farmers were more likely to use more than one kind of herbicide compound than were farmers using conventional tillage. This paper provides further evidence on the relationship between tillage and agrichernical use. Using recently available data that link cropping practices to farm resource characteristics, a recursive system of equations is estimated to determine how agricultural chemical use and crop yield are affected by the adoption of conservation tillage systems. The first equation examines the choice of tillage system using a multinominal logit model. A seccnd set of equations explores the effect of tillage and other variables on the quantity and quality of chemicals applied and on crop yield. The model is estimated with area study data from a sample of farms in the Cornbelt.
Model
To empirically examine the adoption of new tillage systems and the effects of adoption on chemical use and crop yield, a recursive model is developed and estimated. The first equation specifies the optimal choice of mechanical tillage. Since adopting a new tillage system may involve significant learning costs, affect crop rotations, and require new machinery, it is likely to be made over a multiyear time horizon. In the model, the selection of the tillage system j is assumed to be a discrete choice among J + 1 alternatives (i.e., j = O, 1, 2, . . . . J) and is indicated by a dummy variable, TJ = 1. Farmers are assumed to select the tillage system that maximizes expected utility over the planning horizon, where the expected utility of choice j can be written in the form U~(Z) = 13jZ + Ej.The first term 13~Zis nonstochastic and reflects the "representative" preferences of farmers with attributes Z. The 
McFadden
showed that if~, has a Weibull distribution, then the probability PJ that a farmer with characteristics Z chooses j is given by (1) P, = Prob(T, = 1) = exp(p~Z)
where 13 is a vector of parameters which satisfy log(P,/Pj) = (~, -@,)fZ. This is the multinominal logit model. Note that the model has been normalized on TO (i.e., once probabilities for T1 through T~are known, T(Jis given since the probabilities sum to one). Estimation of the parameters in equation (1) provides information on the influence of resource characteristics, farm size, human capital, policies, and other variables on the pattern of technology adoption and can help identify constraints to further adoption.
One limitation of the multinominal logit model is that it assumes the independence of irrelevant alternatives, or the 11A property (Hausman and McFadden) . This property implies that if a new choice is added to or removed from the set of alternatives, the probability y ratios between the existing alternatives are not affected. In other words, adopters of the new choice should come from users of the existing alternatives in equal proportions so that the odds ratios Pi/PJ are unchanged. This is a strong behavioral assumption but one that can be easily tested. The Hausman-McFadden specification test for the 11A assumption is based on the notion that if a subset of the choice set is irrelevant, then omitting it from the model altogether will not change the remaining parameter estimates significantly.
However, if the odds ratios are not independent of an omitted alternative, then the parameter estimates obtained when a choice is omitted will be inconsistent with the set of estimates using the full data set. The specification test statistic is
where 13,is a K X 1 vector of estimates from the restricted set of choices, & is the corresponding set of estimates from the full set of choices, and V, and Vf are the estimates of the covariance matrices. Under the null hypothesis that & = &, the statistic has a X2 distribution with K degrees of freedom. While the decision to adopt technology is assumed to be made over a multiyear time horizon, farmers make seasonal or annual decisions on variable inputs used in production. Let crop yield Y be a function of variable inputs X, tillage choice Tj (a fixed factor in the short-run), and resource endowments R. Farmers are assumed to make decisions on variable input use primarily on the consideration of short-run per acre profits (m), given by T = PY Y(X, T,, R) -PX X where PY and PX are output and input prices, respectively. Under the standard assumptions of a quasi-concave production function, pricetaking behavior and profit maximization, optimal input use is a function of prices and fixed factors:
where X* is the choice of X that maximizes profits.
A difficulty in estimating equation (3) with cross-sectional survey data is that there may be little variation in prices among observations in the sample. Price variation among observations in the sample is likely to be correlated with geographic location or other farm characteristics such as farm size. For example, larger farms may pay lower prices for inputs due to quantity discounts or preferential credit terms. Using a cross-sectional sample of observations, optimal per acre variable input use is modeled as:
where G is a set of dummy variables for geographic locales, S is farm size, R is a set of farm resource endowments and cropping practices that may affect the marginal productivity of variable input use, and TJ is the tillage system. The error term v, is assumed to be independently and identically distributed, and y,, and a,, are parameters to be estimated. The per-acre crop production (yield) function is estimated directly as:
where k = 1,. ... K is the number of variable inputs X.
The system of equations (l), (4), and (5) is a recursive model of technology adoption. Estimates of the parameters of equation (1) provide information about the factors that determine the adoption of new resource-conserving technology. Estimates of~lj and CtzJ in equations (4) and (5) show the effect of technology adoption on input use and crop yield. For example, if a ,J >0, then adoption of tillage system j (i.e., TJ = 1) resulted in an increase in input use per acre. Equations (4) and (5) are Herbicide application rate is total lbs/acre of active ingredient based on fields where at least some herbicide was applied.
estimated by two-stage least squares (2SLS) using the estimated probabilities of tillage choice from equation (1) as instruments for TJ. The model was estimated using Limdep Version 6 by Greene.
Data
Data are from the Area Studies Survey conducted by the United States Department of Agriculture (USDA). This survey was a collaborative effort by the USDA's Natural Resource Conservation Service, National Agricultural Statistics Service, and Economic Research Service, and the U.S. Department of Interior's Geological Survey to investigate relationships between agricultural practices and water quality. The survey links resource data from the National Resource Inventory and the SOILS-5 database with information about farm characteristics and production practices. In each of twelve survey areas, an area-frame sample of points was selected and data were collected for the field in which a sample point fell (limited to one observation per farm). Farm operators were interviewed about crops grown, yield, production practices, and chemicals applied in the sample field, in addition to general information about the farm. For the present study, fields planted to corn in the Midwestern survey areas were selected.z In 2The four survey areas include the following Na- farmers grew some corn in the sample fields during the survey year. In the statistical analysis, each observation is weighted by the size of the field divided by the probability that the field was selected to give a spatially representative sample.
The most common tillage system employed by the sample was mulch till, covering 47.5% of the observations and 51.5% of the area in corn (Table 1) . Conventional tillage with a moldboard plow was used on 11.5% of the corn area and other conventional tillage systems (mainly chisel plow) were used on another 17.2%. No till covered 14.1%, and ridge till the remaining 5.6% of corn acreage. Table  1 also shows average application rates for preand post-emergence herbicides by tillage system on fields where at least some herbicide was applied. All tillage systems relied upon post-emergence herbicides to a greater degree than pre-emergence herbicides, although conservation tillage systems applied a slightly larger proportion of herbicides after crop emergence than conventional systems. The differences in mean application rates among tillage systems are not statistically significant, however. Table 2 defines the variables used in the model. Tillage systems were grouped into (i) conventional tillage with or without a moldboard plow, (ii) no till, and (iii) other types of conservation tillage (mulch till or ridge till). Conventional tillage is defined as the numeraire tillage system (j = O). Socioeconomic characteristics of the farm hypothesized to affect tillage adoption include farm size, land tenure, farmer education, and farm management experience. Lee and Stewart found that larger, owner-operated farms were more likely to adopt conservation tillage, although their finding concerning tenure was disputed by Heimlich. Rahm and Huffman observed a positive association between human capital and adoption of conservation tillage. Cropping system characteristics that may constrain the choice of tillage system include the use of irrigation and crop rotation.
TabIe2. Variables in the Model
The model also includes two conservation policy variables. Both technical assistance programs and economic incentives have been used to encourage adoption of soil conservation practices such as conservation tillage. Farmers may voluntarily seek technical help from the Natural Resource Conservation Service to develop a conservation plan, but are generally not required to follow the plan's provisions. However, if a farmer receives agricultural program benefits and farms highly erodible land, then he or she is subject to conservation compliance, in which a soil conservation plan must be implemented or the farmer risks losing program benefits. Whether a farm-er received technical assistance in developing a conservation plan or was subject to conservation compliance are treated as dummy variables in the adoption model to represent the two policy approaches. Note however that since nearly all sample farms that were subject to conservation compliance also had a conservation plan, the compliance variable essentially combines economic incentives with technical assistance.
Three indicators of resource characteristics that may affect tillage choice are included in the model: inherent soil quality, soil erosion potential, and soil leaching potential. Soil quality is measured by the ability of a soil to hold and deliver nutrients and water to plant roots for optimal plant growth according to the model developed by Pierce et al. Thus, inherent soil quality is independent of nutrient or water availability, which may be supplied through fertilizers and irrigation. Soil erosion potential is measured by the physical parameters of the Universal Soil Loss Equation (Wischmeier and Smith) and Wind Erosion Equation (Woodruff and Siddoway) and divided into high, moderate, and low categories according to Bills and Heimlich. Soil leaching potential (SLP), which is related to soil drainage, is measured by an index developed by Weber and Warren and divided into low, moderate, and highly leachable categories. Because sampled fields in the Area Studies Survey are linked to the National Resource Inventory and the SOILS-5 database, values for these indices are derived uniquely for each sample field based on its specific physical characteristics (see the Appendix for more detail on these soil and resource indices).
Climate variables included in the model are the average length of the growing season and average annual rainfall and are based on 30 years of county-level data. Previous research has found that conservation tillage, especially no till, may not perform well in areas with poorly drained soils, short growing season, and high rainfall (Crosson) .
Chemical input use is measured as the peracre expenditure for herbicide, insecticide, and fertilizer, respectively. Using prices to weight the quantities of different chemical compounds applied captures some of the quality attributes of the chemicals, such as potency, but may not take into account other quality attributes, such as the risk a chemical poses to the environment or human health (Beach and Carlson). Regressions using the total quantity of chemicals applied (pounds of active ingredients per acre) gave similar results as expenditures, however, since pesticide expenditures and quantities applied are highly correlated in the sample.
As previously noted, adopting conservation tillage systems may involve switching to new types of chemical compounds which may have different environmental and health-risk attributes that are not reflected in comparisons of quantities applied or expenditures. For example, for a given soil type, certain chemicals pose a larger risk to ground water because they are more likely to leach through the soil.
Chemicals with a longer half-life (i.e. they persist longer in the environment) may have higher environmental and health risks than chemicals that degrade quickly into inert compounds. Some chemicals present larger risks to human health in either the short-term (acute toxicity) or long-term (chronic toxicity, or cancer risk). To examine these issues, regressions were run using various measures of the risks to ground water and human health of the chemicals applied in a field. To construct these measures, the amount of each herbicide and insecticide compound applied was weighted by specific environmental and health-risk attributes and aggregated together (see the Appendix for details on how the indices for pesticide leaching potential, acute toxicity, and chronic toxicity were constructed). These measures of environmental and health risk have limitations, however. For example, they do not account for possible synergistic effects from applying several chemicals together. Moreover, they only measure potential, rather than actual, exposure or risk. Nevertheless, the indices do indicate whether the types of chemicals applied with conservation tillage systems have relatively undesirable environmental and health attributes compared to chemicals used with conventional tillage. 
Results
Tests for the 11A assumption were carried out by first estimating the model with all three choices, and then dropping one choice and reestimating the model with the smaller data set. The Hausman-McFadden test statistic was estimated using the appropriate pair of parameter vectors from the regressions according to equation (2) . Under the null hypothesis that the parameters from the pairs of regressions are equal, the estimated Xz statistics are 1.74, 1.45, and 0.38, far below the critical value for the Xz test (38.6, at the 570 level of significance). Thus, the 11A hypothesis cannot be rejected, implying that farmers consider choices among these three classes of tillage systems independently, rather than, say, as a decisiontree. However, the 11A property may not hold if finer distinctions are made among tillage systems.
The estimates from the multinominal model of tillage choice are presented in Table 3 , along with several measures of goodness-offit for the model. The frequency of predicted to actual outcomes is 820 out of 1,425 cases, Partial effect is the change in the probability of adopting tillage system j given a one-unit change in Z~. For continuous variables, the partial effect is given by dPJdZ~= PJ~(Bj~-~j .~PJ~BJJ.For dummy variables, the Partial effect is found by calculating Prob(Z~= 1) -Prob(Z~= O), holding other variables constant at their mean values. Estimation of the standard errors of the partial effects is described in Greene. The constant term has been omitted from the table. ** Significant at 5~o level; * significant at 10% level.
or 57.5% correct predictions, although the prediction for no-till adoption is poor (only 19 out of 195 cases). One limitation of this measure of goodness-of-tit is that it gives all the weight to the alternative receiving the highest predicted probability and ignores possible predictive error in the model. For example, suppose the predicted probabilities for conventional tillage, no till, and other conservation tillage systems are arranged in order, PO, PI, and P2. If the model estimates predicted probabilities of adoption for two farms as (0.34, 0.33, 0.33) and (0.90, 0.05, 0.05), respectively, it would "predict" the first alternative, conventional tillage, for each, giving no account to the higher likelihood of predictive error in the first case. In a comparison of several alternative goodness-of-fit measures for a logit model, Windmeijer found that the Veall-Zimmermann psuedo-R2 was close to a "true" R2, while the predicted probabilityy (percent of correct predictions) performed the poorest among the alternatives examined. For this model, the Veall-Zimmermann psuedo-R2 is 0.27.
The coefficients of the multinominal model themselves are difficult to interpret, so partial effects are reported in Table 4 . The partial effect is the change in the probability of adopting a tillage system resulting from a one unit change in the value of the explanatory variable. For dummy variables, the partial effect with respect to variable Z~is found by taking the difference in the predicted probabilities calculated at Z~= 1 and Z~= O, holding other variables constant at their mean values. Note that the partial effects sum to one, so that an increase in the probability of adopting one tillage system implies a decrease in the probability of adopting another system.
The results in Table 4 show that farmers who used conventional tillage tended to be those without college education, below-average experience, farming a relatively small area, without a conservation plan (technical assistance), and using irrigation. There was a strong correlation between conservation tillage adoption and farm size, which may be due to economies of scale or greater demand for labor-saving technologies. College-educated farmers were more likely to adopt conservation tillage systems like mulch till or ridge till (other conservation practices), while farmers with off-farm jobs were more likely to adopt no till. College may serve to enhance farmers' ability to learn and adapt new technology to their farming situation, thereby reducing adoption costs (Rahm and Huffman) . The relationship between no till, college, and off-farm work is also consistent with the hypothesis that conservation tillage is more likely to be adopted by farmers who have a higher opportunity cost of labor due to off-farm employment options.
Land ownership had no significant effect on the choice of tillage system, which supports earlier empirical findings by Heimlich. While theory predicts that tenant farmers would invest less in soil conservation than owner-operators (McConnell), empirical evidence does not appear to bear this out, at least with respect to adoption of conservation tillage. In some cases adoption may be motivated by short-run cost savings rather than long-run considerations of soil erosion. Another possible explanation is that the interests of land owners and tenant farms may converge if tenancy contacts are long-term, based on crop shares instead of cash rents, and between family members (Dillman and Carlson).
In fact, for many farms the choice of tillage system was significantly influenced by potential soil erosion, Conventional tillage was least likely to be used on moderately or highly erodible soils. There was a higher likelihood of no till adoption on moderately erodible soils while other conservation tillage systems were chosen more often for highly erodible soils. Conservation policies (compliance and technical assistance) were more instrumental in influencing the adoption of no till than other conservation tillage systems. Other resource characteristics in the model were relatively unimportant in explaining tillage choice: soil quality had no measurable effect on the selection of tillage type and there was no consistent relationship between tillage choice and increased soil leaching potential. The results in Table 5 reveal that tillage is just one of several factors that influence agrichemical use in corn production. The adoption of conservation tillage had mixed implications for chemical use and a negative effect on yield. Adoption of no till appears to have reduced expenditures on herbicide and fertilizers, but left insecticide use unchanged. Other conservation tillage systems (mulch till and ridge till) used higher levels of insecticides, but herbicide and fertilizer use were unaffected. The finding that a reduction in mechanical tillage did not increase reliance on chemical tillage challenges some basic assumptions about conservation tillage but is consistent with other survey research (Bull et al.) . One possible explanation is that reliance on chemical tillage may lessen once no till has been practiced in field for several years (Sandretto) . Unfortunately, data limitations prevent us from examining whether chemical use differed between long-time users and recent adopters of no till.
Other factors influencing agrichemical use were the regional dummy variables, crop rotations, irrigation, soil quality, and farm size. Rotation increased herbicide costs (perhaps to control for volunteer plants from previous crops in the rotation) but reduced insecticide costs, most likely due to the positive effects of rotation on controlling insect pest populations such as corn root worm. Irrigated fields received increased insecticide and fertilizer application and recorded higher crop yield. Fields with better soil quality received larger doses of insecticides and achieved higher yield even though fertilizer use was not significantly affected. Finally, there was a positive correlation between farm size, herbicide use, and crop yield. Soil leaching potential appeared to have had no significant effect on farmer's decisions to apply chemicals. However, even if a farmer is concerned about the effects of chemical leaching on the quality of ground water, if ground water is an open-access resource there may be little individual incentive to limit chemical use in response to such concerns.
To further explore potential environmental and health risks associated with changes in agrichemical use, Table 6 Table 5 . Acute toxicity (primarily a property of insecticides) was lower when crops were grown in rotation and greater on better quality soils-both factors associated with higher insecticide use. Even though other conservation tillage systems also had higher insecticide expenditures, there was no significant increase in the acute toxicity index. This could be due to differences in the types of insecticides applied with these tillage systems. Chronic toxicity (measured by the amount of the herbicide at- razine applied3) was not significantly affected by tillage but was higher for larger farms, which also had higher herbicide expenditures.
The coefficient estimates from the regressions are translated into elasticities (calculated at the means of the variables) in Table 7 . The The elasticities can also be used to trace through the potential effects of some demographic changes occurring in U.S. agriculture, Over the next decade a significant proportion 3Atrazine is the most commonly used herbicide on corn and has been found to produce cancer in laboratory animals, of farm operators are expected to retire since nearly half are 55 or older (Hoppe) . The farmers who will replace them are likely to be better educated and farm larger areas, factors which are associated in the model with a higher likelihood of adoption of conservation tillage. The model predicts that further diffusion of conservation tillage would reduce herbicide and fertilizer use, increase insecticide application, and lower corn yield. But an increase in average farm size would also have a direct positive effect on herbicide use and corn yield. In fact, the direct effect on yield is likely to be much larger than the negative yield effect from conservation tillage, according to the model. For example, considering only the statistically significant effects, an increase of 1% in average farm size would increase the likelihood of no till adoption by O.172% and other conservation tillage systems by 0.072Y0. Together, these changes in tillage systems (and the subsequent changes in input use) would reduce average corn yield by 0.01590. But the direct effect on yield of the increase in farm size is 0.057$%0,nearly four times the negative effect of conservation tillage. Thus, the net effect of larger farm size on both the diffusion of conservation tillage and corn yield is likely to be positive. For soil quality, defined as the soil's ability to deliver nutrients and water to roots for plant growth, the index developed by Pierce et al. is used: where WF, is a weighting factor for soil horizon i based on its depth, A, is the sufficiency of the available water holding capacity for horizon i, B, is the sufficiency of bulk density, C, is the sufficiency of pH, and n is the number of soil horizons or layers in the root zone. Potential crop yield is reduced if one of the soil properties falls below a threshold level. If all factors are at or above their threshold, then the value of Q achieves is maximum of 1.00. The difference between 1.00 and the estimated value of f) is the percent yield loss due to suboptimal soil conditions. Potential soil erosion due to rainfall and wind is measured from the physical components of the Universal Soil Loss Equation (USLE) and the Wind Erosion Equation (WEQ). The inherent soil erodibility of a field due to rainfall (sheet and rill) is measured by a multiplicative relationship among rainfall (R), soil type (K), slope length (L), and steepness (S) (Wischmeier and Smith). WEQ determines the amount of soil erosion from wind as a function of a soil erodibility index, a soil ridge roughness factor, a climatic factor, field length, wind erosion direction, and vegetative cover (Woodruff and Siddoway).
Another natural resource characteristic is the potential of a soil to leach chemicals and pesticides into ground water. Weber and Warren developed an index of soil leaching potential (SLP) as a function of a soil texture rating pH value and percent organic matter. Each of these factors is given a weight and then summed to construct the SLP index for a particular soil type. where F~is the fraction of the pesticide quantity Xk that reaches the soil, for k = 1, . . . . n herbicide and insecticide compounds. Thus, the risk that agrichemicals may leach to ground water depends upon the properties of the soil (SLP) and the chemical compounds (PLP). TWO measures of health risk from chemical application are acute and chronic toxicity. For acute toxicity, Alt developed a pesticide exposure index (PEI) in which the quantity of each chemical applied is weighted by its LD50 rating (which decreases as a chemical becomes more toxic to mammalian forms of life) and its persistence in the environment:
PEI =~'HALFk X,.
k=l

LD50F
or chronic toxicity we consider the application rate for atrazine, the most commonly used herbicide in U.S. corn production and which has been found to cause cancer in laboratory animals.
